Hyphomicrobium X possesses two different enzymes for the oxidation of dimethylamine, namely dimethylamine dehydrogenase and dimethylamine mono-oxygenase. During growth of the organism in batch culture at dissolved oxygen tensions (DOT) in excess of 30 mmHg in media containing trimethylamine as the carbon and energy source, dimethylamine mono-oxygenase was the only enzyme involved in dimethylamine oxidation. The apparent K, of the mono-oxygenase for oxygen was relatively high (23-2 ,uM). The enzyme was less sensitive to inhibition by trimethylamine (& 4.2 mM) than was dimethylamine dehydrogenase (K, 7.1 ,UM) and therefore dimethylamine did not accumulate in the culture medium under these conditions. This was in contrast to observations made during anaerobic growth on trimethylamine. During growth of the organism in dimethylamine-limited chemostat cultures, the specific activities of the mono-oxygenase and the dehydrogenase were dependent on the DOT in the culture. When the DOT in the culture growing at a dilution rate of 0-10 h-l was decreased below 30 mmHg, the activity of the mono-oxygenase also decreased. In contrast, the activity of dimethylamine dehydrogenase increased, indicating that this enzyme gradually took over at the lower DOT. Below values of 5 mmHg the culture became oxygen-limited and below 3 mmHg itwas washed out. When the organism was grown at low DOT in medium supplemented with nitrate, essentially the same results were obtained, except that wash-out of the culture under anaerobic conditions did not occur. The organism was able to carry out denitrification under 'partly aerobic ' conditions (DOT 0 to 20 mmHg at a dilution rate of 0.10 h-l). Over this range of DOT, the monooxygenase hardly played a role in dimethylamine oxidation in vivo because the enzyme was inhibited by the nitrite which accumulated in the culture to a concentration of 3 mM. The potential of Hyphomicrobium X to denitrify in the presence of oxygen was dependent on the growth rate of the organism. At low growth rates (0.01 h-l) synthesis of nitrate reductase, which largely determined the rate of nitrate reduction in the culture, was already significant at relatively high DOT (up to 50 mmHg). At high growth rates (0.15 h-l) nitrate reductase activity became apparent only at DOT values below 6 mmHg. The kinetics and the possible ecological significance of this ' aerobic ' denitrification process are discussed.
trimethylamine oxidation, by dimethylamine dehydrogenase. Some properties of the latter enzyme have been described .
A number of bacteria capable of aerobic growth on methylated amines have been shown to oxidize dimethylamine by way of a dimethylamine mono-oxygenase (Eady et al., 1971 ; Hampton & Zatman, 1973; Colby & Zatman, 1973 . This enzyme has also been detected in some hyphomicrobia when grown under aerobic conditions (Eady et al., 1971; . Although in the past dimethylamine dehydrogenase activity had been detected in aerobically grown Hyphornicrobium X (Meiberg & Harder, 1978) , in later experiments these results could not be repeated. Instead, monooxygenase activity was now detected, while the dehydrogenase was the only enzyme found to oxidize dimethylamine in anaerobically grown cells. During growth at low dissolved oxygen tensions (DOT 2 to 20 mmHg; 1 mmHg w 133 Pa) both the dehydrogenase and monooxygenase were present. It thus appears that Hyphomicrobium X has two enzymes available for the oxidation of dimethylamine; the relative contribution of each of these enzymes to dimethylamine oxidation is most probably governed by oxygen.
It is evident that the DOT may influence the activity of dimethylamine mono-oxygenase directly because oxygen is a substrate for this enzyme. Apart from an effect on its activity, oxygen may also directly or indirectly affect the synthesis of the mono-oxygenase. In addition, the synthesis and activity of other catabolic and respiratory enzymes may be influenced by the DOT. A limited supply of oxygen has the general effect that the growth rate of the organism is decreased until, when the DOT is zero, growth is no longer possible. However, since hyphomicrobia are able to denitrify, they can overcome this decrease in growth rate by anaerobic respiration when nitrate is present in the medium as a terminal electron acceptor instead of or in addition to oxygen. Indeed, Hirsch & Conti (1964) and T. G. Wilkinson & G. Hamer (unpublished) found that hyphomicrobia carry out denitrification at low DOT. It was therefore decided to study the metabolism of methylated amines by Hyphomicrobium X grown in the presence and absence of nitrate at various dissolved oxygen concentrations and at different specific growth rates.
METHODS

Maintenance, growth, preparation of cell-free extracts and chemical estimations.
These were as described previously (Meiberg & Harder, 1978 .
Batch culture experiments. Aerobic growth of Hyphomicrobium X in mineral salts medium, supplied with methylated arnines as growth substrates, was performed in a pH-and temperature-controlled batch fermenter as described previously (Meiberg & Harder, 1978) .
Continiroiis culture experiments. The organism was grown in chemostat cultures with dimethy lamine or trimethylamine as the carbon and energy source, using a 1 ](working volume) fermenter of the type described by Harder et al. (1974) . The medium contained (per litre): (NH4)2S04, 1.0 g; MgSOl. 7H20, 0.2 g; KH2P04 1.0 g; and trace element solution (Vishniac & Santer, 1957) , 0.2 ml. Where indicated, KNO, was added to the medium to a final concentration of 20 mM. When dimethylamine was the growth substrate, it was added to the medium, prior to heat-sterilization, to a final concentration of 15 m~. Trimethylamine was filtersterilized before addition to the sterile mineral medium to a final concentration of 10 mM. During growth, the pH was maintained at 7.0 by automatic addition of sterile 1 M-NaOH or 1 M-H,SO,, depending on the DOT. The temperature was maintained at 30 "C. The DOT in the culture was recorded with a steam-sterilizable Mackereth-type oxygen-electrode which was calibrated in sterile medium (at 30 "C). Air-saturated medium was assumed to have a DOT of 159 mmHg. After the DOT had been set at the desired value in a growing culture, it was maintained at this value (k 0-5 m H g ) by automatic adjustment of the stirrer speed. Under these conditions it was determined that a dilution rate of 0.05 h-l varied k 4 % due to changes in culture volume caused by variable stirrer speed; a dilution rate of 0.1 h-l varied k 2 %. Enzyme assays. Most of the enzyme assays employed have been described previously (Meiberg & Harder, 1978) .
Nitrate reductase was measured according to Boonstra et al. (1975) . Nitrite reductase was assayed by the method of Williams et al. (1978) , except that 50 m-potassium phosphate buffer was used and methylene blue was replaced by methylviotogen. Metabolism of amines in Hyphomicrobium X 455 Dimethylamine mono-oxygenase in crude cell-free extracts was assayed according to Colby & Zatman (1973) . For assay of this enzyme activity in a partially purified dimethylamine mono-oxygenase preparation (used for kinetic and inhibition studies), the reaction mixture contained (in 1 ml) 100pmol potassium phosphate buffer pH 7.0, variable amounts of NADPH and dimethylamine. HCI, and enzyme. The reaction was started by adding dimethylamine.
All assays were performed in air-saturated solutions at 25 "C. For the determination of K, for oxygen, the oxygen concentration in the assay mixtures was varied by bubbling air/nitrogen mixtures of different composition through the solution. The DOT in the reaction mixture was measured continuously with the vibrating Ag/Pt oxygen-electrode accessory of an Aminco-Chance D W-2 spectrophotometer, which was used to record the rate of NADPH disappearance.
Partial purification of dimethylamine mono-oxygenase. Attempts to purify th edimethylamine monooxygenase from Hyphomicrobium X followed the procedure for the partial purification of the secondaryamine mono-oxygenase of Pseudomonas aminovorans (Brook & Large, 1976) . Hyphomicrobium X was grown in dimethylamine-limited continuous culture (dilution rate 0.10 h-l) at a DOT of 75 mmHg. Eflluent cell material was collected and stored at -20 "C until use. After three purification steps, including streptomycin sulphate treatment, ammonium sulphate fractionation (40 to 52 % saturation) and Sephadex G-75 exclusion chromatography, all mono-oxygenase activity originally present in the crude cell-free extract was lost. In subsequent purifications, crude cell-free extracts were subjected to ammonium sulphate fractionation (40 to 600,; saturation) only. The protein precipitate was dissolved in 50 m-potassium phosphate buffer pH 7.0 containing 5 yo (v/v) ethanol; the latter was added to stabilize the preparation (Eady et al., 1971) .
Oxygen solubility. The dissolved oxygen concentrations (in equilibrium with air at a P O , of 0.209 atm) in the culture medium and assay mixtures were calculated to be 0.244 m~ (at 25 "C) and 0.219 mM (at 30 "C).
Chemicals. Methylammonium chloride, dimethylammonium chloride and trimethylammonium chloride were obtained from Merck. Methylviologen was from BDH. All other chemicals and reagents were from Sigma, Fluka or Merck. Biochemicals were from Boehringer.
R E S U L T S
Aerobic growth of Hyphomicrobium X on trimethylamine, dimethylamine and methylamine
Recently Hyphomicrobium X was reported to grow at a specific rate of 0.10 h-l with trimethylamine as the substrate (Meiberg & Harder, 1978) . Accumulation and subsequent utilization of dimethylamine occurred during the second part of the exponential growth phase. This situation was similar to that described for anaerobic growth on trimethylamine in the presence of nitrate (Meiberg & Harder, 1978) . The dimethylamine which was produced from trimethylamine in the second growth phase accumulated in almost stoicheiometric amounts. Obviously it was not metabolized during this part of the growth curve. This was attributed to the inhibition of dimethylamine dehydrogenase by the trimethylamine present in the medium . Dimethylamine dehydrogenase was the only dimethylamine-oxidizing enzyme detected under these conditions. The accumulation of dimethylamine during growth on trimethylamine was not observed in later experiments ( Fig. 1 ). Trimethylamine was metabolized completely without the excretion of intermediary products such as dimethylamine and methylamine. In addition, the specific growth rate was now 0.13 h-l as compared to 0.10 h-1 in the previous experiments.
When Hyphomicrobium X was grown on dimethylamine as the growth substrate, accumulation and subsequent utilization of methylamine was observed (Meiberg & Harder, 1978 ;  Fig. 2 ). Whereas previously, growth on dimethylamine with a specific growth rate of 0.12 h-1 resulted only in a minor accumulation of methylamine, in the present experiments ( Fig. 2) , accumulation of this compound was more substantial (up to 4 . 6 m~) . After dimethylamine was depleted from the medium, growth occurred exclusively at the expense of methylamine (Fig. 2) . As a result of this sequential substrate utilization the growth curve showed a biphasic pattern. During the first phase of growth, with dimethylamine as the substrate, the specific growth rate was high ( p = 0.17 h-l), whereas at the end of the growth curve, when growth occurred with the accumulated methylamine, the specific growth rate was lower (0.1 1 h-l). This change in growth rate coincided with the depletion of dimethylamine from the medium and an increased rate of utilization of methylamine. Obviously Table 1 
. Specijic activities of various enzymes in crude extracts of Hyphomicrobium X grown aerobically on trimethylamine and dimethylamine
Samples of Hyphomicrobium X grown on trimethylamine or dimethylamine were taken at the end of the active growth phase. Specific activities are expressed as nmol substrate transformed min-l (mg protein)-'. Abbreviations : TMA, trimethylamine-grown organisms; DMA, dimethylaminegrown organisms; ND, not determined.
Enzyme
TMA DMA
Trimethylamine dehydrogenase (PMS) 18 (14)* 7 (5) Trimethylamine mono-oxygenase (NADPH) 0 (0) 0 (0) Trimethylamine-N-oxide aldolase 0 (ND) 0 (ND)
Dimethylamine mono-oxygenase (NADPH) 0 (29) 0 (24) Dimethylamhe dehydrogenase (PMS)
(1)
(2)
* Data in parentheses refer to enzyme activities measured in crude extracts of cells grown in the experiments shown in Fig. 1 and 2 dimethylamine is a 'better' substrate for Hyphomicrobium X than methylamine. This is also evident from the maximum specific growth rate of 0.14 h-l for growth of the organism on methylamine as the initial substrate under aerobic conditions (growth curves not shown).
Since growth of Hyphomicrobium X on methylamine as the initial substrate remained unaltered in the course of our studies, the different growth profiles of the organism on trimethylamine and dimethylamine must be ascribed to changes in the metabolism of trimethylamine to methylamine. The results of enzyme studies support this conclusion. Activities of trimethylamine-and dimethylamine-oxidizing enzymes were determined and compared with the results obtained previously (Meiberg & Harder, 1978) (Table 1) . Previously, dimethylamine dehydrogenase had been detected in cell-free extracts but in the present experiments ( Fig. 1, 2) the enzyme was barely detectable. Instead, dimethylamine mono-oxygenase, which could not be detected formerly, was now shown to be present in extracts of Hyphomicrobium X grown on trimethylamine and dimethylamine ( Table 1) . The presence of dimethylamine mono-oxygenase is most probably the basis for the now higher growth rate of the organism on trimethylamine and dimethylamine. The absence of accumu- lation of dimethylamine during growth on trimethylamine, as shown in Fig. 1 , may be explained by assuming that dimethylamine mono-oxygenase, unlike dimethylamine dehydrogenase, is not (or to a much lesser extent) inhibited by trimethylamine in the culture medium. Further details on this aspect are given below. It seems likely that the different growth profiles and different growth rates of Hyphomicrobium X are related to differences in the oxidation of dimethylamine, because trimethylamine dehydrogenase activity had not changed significantly (Table 1 ). The conflicting results were neither caused by invalidity of the dimethylamine mono-oxygenase assay system used in previous experiments (as far as we were able to establish), nor by intrinsic alteration of the organism, nor by changes in medium composition. However, we have some inconclusive evidence for an inhibitory role of contaminating amines in the deionized water delivered to the laboratory up to 1977. These compounds may have interfered with the activity or synthesis of dimethylamine mono-oxygenase in particular.
Some properties of dimethylamine mono-oxygenase of Hyphomicrobium X
In order to evaluate the effect of the DOT on the metabolism of methylated amines in Hyphomicrobium X, the kinetics of dimethylamine mono-oxygenase were studied. The properties of purified dimethylamine dehydrogenase have been described recently . Special attention has been paid to a study of factors which may determine the relative contribution of dimethylamine mono-oxygenase and dimethylamine dehydrogenase to dimethylamine oxidation under in vivo conditions, namely the affinity of partially purified mono-oxygenase for its substrates (oxygen and dimethylamine) and its inhibition by trimethylamine and nitrite.
From a double-reciprocal plot of dimethylamine concentration against initial velocity of the reaction the apparent K, of the mono-oxygenase for dimethylamine was calculated (Table 2) . Similarly, the apparent K, for NADPH was determined (65.6 p~) .
These experiments were done at 0.244 mM-0, (air saturation at 25 "C). Under the same conditions the inhibition of dimethylamine mono-oxygenase by trimethylamine was investigated. Doublereciprocal plots of dimethylamine concentration against initial velocity at two different trimethylamine concentrations showed competitive inhibition of the mono-oxygenase by trimethylamine. An apparent K, value for trimethylamine was calculated from the slopes of the different plots ( Table 2) . Inhibition of the enzyme by trimethylamine was only very minor, compared with the effect of trimethylamine on dimethylamine dehydrogenase activity ; Table 2 ). At fixed non-saturating concentrations of NADPH (0.15 mM) and dimethylamine (0.15 mM) oxygen concentration was varied and the apparent K, for molecular oxygen was calculated ( Table 2) . With 2 mM-NaNO, in the reaction mixture, competitive inhibition of dimethylamine mono-oxygenase by nitrite was observed with respect to oxygen. , dimethylamine dehydrogenase activity.
Role of the two dimethylamine-oxidizing enzymes at diflerent oxygen concentrations
in the presence and absence of nitrate Batch culture studies. When growth of Hyphomicrobium X on dimethylamine was followed in batch culture at different DOT values and cell-free extracts were assayed for dimethylamine mono-oxygenase and dehydrogenase activities, a dependence of growth rate and enzyme activity on DOT was observed (Fig. 3) . The specific growth rate of the organism decreased only slightly with decreasing DOT down to about 15 mmHg; below this value it declined more rapidly from p = 0.13 h-l to 0. Dimethylamine mono-oxygenase activity followed the same pattern, whereas the dehydrogenase activity increased with decreasing DOT. It was not possible to determine whether the decreasing specific growth rates (as the results of decreasing DOT) determined the enzyme levels or whether the differences in enzyme synthesis, as a result of variation in DOT, caused the change in specific growth rate.
In order to study the influence of DOT on enzyme synthesis, experiments were carried out with chemostat cultures at a fixed dilution rate. Under these conditions any interference of a changing specific growth rate with enzyme synthesis was avoided.
Continuous culture studiesgrowth in the absence of nitrate. When Hyphomicrobium X was grown in continuous culture under dimethylamine limitation at a fixed dilution rate of 0.10 h-l and the DOT was varied from 30 to 3 mmHg, the dimethylamine mono-oxygenase activity in crude extracts of cells taken from a steady-state culture declined with decreasing DOT, whereas dimethylamine dehydrogenase activity increased (Fig. 4) . This 
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pattern is not essentially different from that observed in batch culture. It seems likely that at lower DOT values the dehydrogenase becomes increasingly important and the monooxygenase less important. In view of the fact that oxygen is indirectly required for the oxidation of dimethylamine by dimethylamine dehydrogenase (namely, for the oxidation of the reduced cofactor of the enzyme), it is not surprising that at a DOT of 3 mmHg or below, oxygen becomes growth-rate limiting. At a DOT of 3 mmHg, dimethylamine was detected in the culture fluid, whereas at higher DOT the substrate concentration remaining in the culture was undetectably low. At a DOT lower than 3 mmHg, the culture washed out as the growth rate became limited by oxygen availability and decreased to below a value corresponding to the dilution rate of 0.10 h-l.
As such, these experiments did not yield information on the actual enzyme activity at, or just above, zero DOT. However, this range of oxygen tensions may be very important for hyphomicrobia which have the potential to denitrify. Therefore, in the following experiments nitrate was also supplied to the culture.
Continuous culture studiesgrowth in the presence of nitrate. Growth of Hyphornicrobium X on dimethylamine in continuous culture at different DOT values at a dilution rate of 0.10 h-l in the presence of 20 mwnitrate did not result in wash-out of the culture at any of the DOT values testedfrom 0 to about 70 mmHg. This indicated that, especially at zero or very low oxygen tensions where the main electron acceptor must be nitrate, the growth rate was sufficiently high to maintain a steady state at a dilution rate of 0.10 h-l under these denitrifying conditions, although in batch culture growth under anaerobic conditions was very slow (Meiberg & Harder, 1978) . Considering the change in specific activities of dimethylamine mono-oxygenase and dimethylamine dehydrogenase with DOT, the general tendency observed in the previous experiments (Fig. 3, 4) was again recognized (Fig. 5) , although there were some minor differences in the profiles of specific enzyme activities. Dimethylamine mono-oxygenase activity decreased suddenly at a DOT of 15 mmHg to one-third of its original activity and remained constant at this low level when the DOT was further decreased to zero. At undetectably low DOT, dimethylamine mono-oxygenase remained present as long as oxygen was provided to the culture; when oxygen was excluded and complete anaerobiosis was introduced, mono-oxygenase activity declined to zero. In contrast, dimethylamine dehydrogenase activity which was not detected at DOT values above 30 mmHg, increased rapidly at a DOT of 15 mmHg and reached a plateau at 10-5 mmHg and below. It is notable that at the same DOT value (15 mmHg) where enzyme activities changed dramatically, induction of nitrate reductase and nitrite reductase was observed. Both enzymes showed a linear increase in activity with decreasing DOT. At the same time, nitrate consumption and nitrite accumulation was detected ( Fig. 5) . At DOT below 10 mmHg, dimethylamine monooxygenase is probably inactive as a result of the low oxygen tension and the relatively ' high' nitrite concentration (Table 2 ). This suggests that dimethylamine dehydrogenase must be active in this range of DOT although possibly not optimally in view of the accumulation of dimethylamine. It is also possible that nitrite interferes with the dissimilation of dimethylamine, for the appearance of nitrite in the culture coincided with that of dimethylamine. Nitrite and dimethylamine concentrations decreased simultaneously when the DOT approached zero. Under strictly anaerobic conditions both nitrate and nitrite were exhausted from the culture medium while some dimethylamine (1.35 mM) was left.
Identical experiments have been performed at a lower dilution rate (D = 0-05 h-I).
Under these conditions similar phenomena were observed with one major difference: the DOT at which dimethylamine mono-oxygenase activity decreased, and dimethylamine dehydrogenase increased with the simultaneous occurrence of denitrification, was shifted towards higher values (about 45 mmHg). These results suggested that, besides the presence of nitrate, oxygen tension is not the only factor responsible for induction of denitrificationgrowth rate may also play a role. Metabolism of amines in Hyphomicrobium X 46 1
Eflect of specijk growth rate on the onset of nitrate reduction at diflerent dissolved oxygen tensions From the experiments described above it is tempting to speculate that nitrate reduction in Hyphomicrobium X is switched on at higher DOT as the growth rate of the culture is lower. This suggestion was borne out by further continuous culture experiments in which at several fixed dilution rates DOT was decreased until nitrate reductase activity became apparent (Fig. 6) . In view of the linear increase in nitrate reductase activity with decreasing DOT at dilution rates of 0.10 h-l ( Fig. 5 ) and 0.05 h-l (results not shown) , it is reasonable to assume a similar relationship at other dilution rates. This indicates that once nitrate reduction becomes apparent, its activity will increase rapidly as the DOT is further decreased. Thus, at low dilution rates, denitrification occurs over a wide range of DOT (0 to 50 mmHg at D = 0.01 h-l). However, at dilution rates close to pma, the DOT range at which denitrification occurs is very small and approaches zero. Hyphomicrobium X may not be different from many other micro-organisms which have been reported to denitrify only under anaerobic conditions or at very low DOT. It may be that also in these microorganisms, when studied more closely, denitrification is induced at relatively high DOT at (very) low growth rates.
DISCUSSION
Hyphomicrobium X possesses two different enzymes for the oxidation of dimethylamine, namely dimethylamine dehydrogenase and dimethylamine mono-oxygenase. Anaerobic growth is only possible with dimethylamine dehydrogenase because the mono-oxygenase is inactive in the absence of oxygen. Although Hyphomicrobium X was able to grow aerobically with dimethylamine dehydrogenase as the functional enzyme (Meiberg & Harder, 1978) , the mono-oxygenase enables the organism to grow at a faster rate (Fig. 2) . Some factors that characterize the properties of both enzymes are presented in Table 2 . The apparent K, for dimethylamine of both enzymes when determined at p H 7.0 is of the same order of magnitude. Although the maximum specific activities of the two enzymes, when measured in crude extracts, were comparable, very little can be said about the in vivo enzyme activity because both enzymes have completely different electron-transferring mechanisms. Nevertheless, the observation that Hyphomicrobium X is able to grow faster when dimethylamine mono-oxygenase is present suggests that in vivo this enzyme is capable of a higher rate of oxidation of dimethylamine than is dimethylamine dehydrogenase.
Trimethylamine is a potent inhibitor of dimethylamine dehydrogenase activity . In contrast, dimethylamine mono-oxygenase is only slightly inhibited by relatively high trimethylamine concentrations. This different affinity for trimethylamine may explain the absence of accumulating dimethylamine in the culture medium during growth on trimethylamine when Hyphomicrobium X contained dimethylamine mono-oxygenase as the only functional enzyme (Fig. l) , whereas dimethylamine accumulated during growth of the organism on trimethylamine when only dimethylamine dehydrogenase was present (Meiberg & Harder, 1978) .
Another main difference between the two enzymes is their relation towards oxygen. The activity of dimethylamine dehydrogenase is independent of oxygen. Dimethylamine monooxygenase is strictly dependent on oxygen since this is a substrate for the enzyme. The apparent K, for oxygen (23.2 ,UM) of dimethylamine mono-oxygenase indicates that at a DOT of about 15 mmHg the enzyme has an activity which is only half Vmax. Thus, at low DOT the mono-oxygenase is less active ; this emphasizes the importance of dimethylamine dehydrogenase under these conditions, particularly when the growth medium contains nitrate which can replace oxygen as terminal electron acceptor.
In Hyphomicrobium X not only the activity but also the synthesis of both dimethylamine mono-oxygenase and dimethylamine dehydrogenase is regulated in response to variations in oxygen tension. The present results clearly show that higher oxygen tensions repress the synthesis of dimethylamine dehydrogenase. Repression is released when DOT is decreased. Dimethylamine mono-oxygenase is absent when no oxygen is supplied to cultures of the organism, but induction takes place as soon as oxygen is available. However, oxygen is not the only factor that regulates the synthesis of the two enzymes. Both the mono-oxygenase and the dehydrogenase, being catabolic enzymes, are also induced by their substrate dimethylamine, because in methylamine-grown cells these enzymes are undetectable (Meiberg & Harder, 1978) .
The addition of nitrate to the growth medium does not alter the observed enzyme patterns essentially. In fact, the process of denitrification in Hyphomicrobium X does not require major changes in the main metabolic features of the organism, because anaerobically grown cells are still able to respire with oxygen . Denitrification only requires the additional synthesis of the enzymes which reduce nitrate to N,, as well as some quantitative shifts in the components of the electron transport chain (see . The only factor which may have a major impact on the metabolism of methylated amines is nitrite, which accumulated during growth of Hyphomicrobium X in continuous culture under denitrifying conditions (Fig. 5) . Nitrite has been frequently found to accumulate in batch cultures (Payne, 1973) as a transient intermediate in denitrification of nitrate to N,. During anaerobic growth of Hyphomicrobium X in batch culture we also observed accumulation of nitrite (Meiberg & Harder, 1978) . Nitrite accumulation may be explained by inhibition of nitrite reductase by high nitrate concentrations. Another possibility is that nitrite reductase activity is too low to reduce all the nitrite formed by the action of nitrate reductase.
At present, it is not precisely known where nitrite exerts its inhibition. Rowe et al. (1977 Rowe et al. ( , 1979 suggested that nitrite interferes with the flow of electrons along the electron transport chain. They found in Pseudomonas aeruginosa that nitrite inhibited active transport, oxygen uptake and oxidative phosphorylation. It was concluded that nitrite oxidized the Fe2+ of electron carriers, such as in the terminal cytochrome oxidase, to Fe3+. Recently Meijer et al. (1979) demonstrated in Paracoccus denitriJicans dissipation of the protonmotive force by nitrite. Nitrite renders the cell membrane permeable to protons, causing a destruction of the ApH component. In order to explain the accumulation of dimethylamine during growth of Hyphomicrobium X in continuous culture with dimethylamine as the growth substrate ( Fig. 5) , we must assume that nitrite limits the rate of energy generation from dimethylamine oxidation in the way suggested by Rowe et al. (1977 Rowe et al. ( , 1979 , rather than by uncoupling. It is noteworthy that the appearance of nitrite in the culture coincided with that of dimethylamine ( Fig. 5) . Oxygen-uptake experiments with whole cells of Hyphomicrobium X (with methanol as the substrate) showed strong inhibition of oxidative respiration (e.g. cytochrome oxidase activity) by nitrite at relatively low DOT values. This may suggest that, although oxygen is present during continuous cultivation, oxidative respiration is impossible in the presence of nitrite (Fig. 5) .
The process of denitrification in Hyphomicrobium X is inducible, as in all other denitrifying micro-organisms (Payne, 1973) . Not only oxygen tension is important but also the presence of nitrate (or nitrite). Nitrate reductase could not be detected in cell-free extracts of Hyphomicrobium X grown in continuous culture on dimethylamine in the absence of nitrate. In addition, specific growth rate appeared to affect induction of nitrate reductase (Fig. 6) . During growth on dimethylamine at low dilution rates nitrate reductase was present at higher DOT values than during growth at higher dilution rates. The consumption of nitrate and the accumulation of nitrite indicated the occurrence of denitrification at relatively high oxygen tensions. The same phenomenon was reported recently for Klebsiella sp. strain K312, when grown in continuous culture at a dilution rate of 0.10 h-l (Dunn et al., 1979) . At present, it is not known whether the denitrification potential of this organism is growth rate-dependent.
Metabolism of amines in Hyphomicrobium X 463
In addition to the oligocarbophilic nature of hyphomicrobia (e.g. Harder & Attwood, 1978) , the capacity for 'aerobic' denitrification at relatively high oxygen tensions at low specific growth rates reported in this paper may be of ecological importance.
